On the nature of the spin polarization limit in the warped Dirac cone of the Bi 2 Te 3 
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The magnitude of electron spin polarization in topologically protected surface states is an im- 
portant parameter with respect to spintronics applications. In order to analyze the warped spin 
texture in Bi2Te3 thin films, we combine angle- and spin-resolved photoemission experiments with 
theoretical ab initio calculations. We find an in-plane spin polarization of up to ~ 45% in the topo- 
logically protected Dirac cone states near the Fermi level. The Fermi surface of the Dirac cone state 
is warped and shows an out- of -plane spin polarization of ~ 15%. These findings are in quantitative 
agreement with dedicated simulations which find electron density of the Dirac cone delocalized over 
the first quintuple layer with spin reversal occurring in the surface atomic layer. 
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Gapless surface states in the family of three- 
dimensional (3D) topological insulators (TIs) Bi2Te3, 
Bi2Se3, Sb2Te3, and their alloys have recently attracted 
considerable attention due to their potential in producing 
fully spin-polarized currents for spin-electronic applica- 
tions pp. Theoretical models predict that these topolog- 
ical surface states (TSS) are topologically protected and 
fully spin-polarized. A simple explanation of the Bi2Te3 
surface electronic structure properties comes from sym- 
metry arguments and the topological theory. In the bulk 
band structure near the Y point, the band character or- 
der is inverted due to the spin-orbit interaction. At the 
boundary of the crystal, this leads to the formation of 
gapless edge-states that are protected by time-reversal 
symmetry. This can be classified in terms of the topolog- 
ical Z2 invariant [2], which is used to classify the Quan- 
tum Spin Hall effect, and it results in the prediction of 
fully spin-polarized single-branched Dirac cones [3] as the 
surface states of the 3D TIs. A more detailed analysis of 
such states can be performed by using density functional 
theory (DFT). Within this approach, the average spin 
polarization of the TSS was predicted to be strongly re- 
duced due to spin-orbit entanglement [4] , and the vector 
of spin polarization was found to change its orientation 
between the subsequent atomic layers [5j [6] . 

The combination of angle- and spin-resolved photoe- 
mission spectroscopy (SP-ARPES) with ab-initio theo- 
retical calculations is an efficient approach to investigate 
the exotic spin texture of the TSS [7J [8]. Recently, ex- 
perimental investigations on the warped spin texture of 
Bi 2 Te3 were reported from bulk samples, finding the ex- 
perimental spin polarization in the ensemble of the pho- 
toelectrons ranging from 20% (Hsieh et al [9 ) to 60% 
(Souma et al. [10 j), however, they were to date not con- 



firmed in thin films. 

Since the implementation into spintronic devices asks 
for thin film structures, for which the promising proper- 
ties observed on bulk single crystals have not yet been 
demonstrated, a thorough understanding of the spin po- 
larization of the electronic states in thin films is manda- 
tory for a successful engineering of devices. In order to 
establish a relation to DFT calculations, the experimen- 
tal studies must be based on high-quality TI thin films. 

In this work, we investigate the spin polarization be- 
haviour of epitaxial thin films of the narrow gap semicon- 
ductor Bi2Te3 by SP-ARPES. We determined the spin 
texture within the warped Fermi surface finding a max- 
imum value for the spin polarization vector of ~ 45% in 
the in-plane and ~ 15% in the out-of-plane component 
in the Dirac cone photoelectrons. The experimental re- 
sults agree well with the spectral weights derived from 
our calculations. 

The spin-polarized photoelectron spectroscopy experi- 
ment has been carried out at Beamline 5 of the 1.5 GeV 
synchrotron radiation source DELTA (Dortmund, Ger- 
many) using linearly polarized light (photon energy 
hv = 24 eV) at an overall resolution of 150 meV [TT] . 
The experimental end-station includes a commercial 
Scienta SES-2002 hemispherical spectrometer equipped 
with a combination of an optimized high transmission 
spin-polarized low-energy electron diffraction (SPLEED) 
based detector p~2j [13] and a two-dimensional delay- 
line-detector (DLD) system [TT], and allows to simul- 
taneously measure one of the in-plane and the out-of- 
plane components of the spin polarization vector P. We 
have performed angle- and spin-polarized PES measure- 
ments on epitaxial MBE-grown thin film Bi2Te3 epilay- 
ers deposited on n-type Si(lll) substrates, with detailed 
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growth and film characterization described in Ref. [14j 
After being exposed to air, the samples were cleaned by 
Ar-ion sputtering and annealing cycles under ultra high 
vacuum. A complete surface cleaning procedure is pre- 
sented in Ref. 15. The ARPES spectra were measured on 
samples kept at 15 K with overall resolution of 20 meV 
at the laboratory based system using a He I discharge 
source (hv = 21.22 eV) and a Scienta SES-200 spectrom- 
eter [16] . The thickness of the samples after the cleaning 
procedure was between 10 nm and 40 nm and we have 
obtained consistent results on several samples. 

Fig. [I] shows high resolution ARPES results from a 
Bi2Te3 film measured under these conditions. The va- 
lence band structure in panel (a) depicts that the spec- 
tral weight is dominated by the set of strongly dispersing 
bands between 1 and 3.5 eV binding energy Eb- Panel 
(b) shows three distinct constant energy maps, where well 
defined features indicate a high crystalline quality of the 
prepared surfaces. 



(a) £ 




-0.4 -0.2 



0.2 0.4 



k [A ] 



(b) 



0.3l 
0.2| 

1 
" 
-0 1 
-02 
-03 



-0.3 -0.2 -0.1 0.1 



k [1/A] 



0.3| 


E B = 2.2eVj 


f'E B =3eV | 


0.2 






„ 0.1 






TL 
> 

^ -0.1 
-0.2 
-0.3 


.>^| 






-0.2-0.1 0.1 

KJ1/A] 


-0.2-0.1 0.1 

[1/A] 



FIG. 1: (Color online) (a) Photoemission map of the 40 nm 
Bi 2 Te 3 film taken a t 15 K using the He I (hz/ ~ 21.22 eV) 
excitation along the YK direction, with the overlaid DFT in- 
plane calculation (see Fig. [3] (a)), shifted by 0.45 eV to achieve 
the best match to the experiment. Blue and red solid circles 
indicate the spin direction, whereas the size of the symbols is 
related to the weight of the states at the surface, (b) Con- 
stant energy surfaces for the Fermi level (top), Eb — 2.2 eV 
and Eb — 3.0 eV. Each map was separately normalized for 
optimized contrast. Arrows in the Eb — 2.2 eV map indicate 
the two example symmetric positions on the ring, related to 
the S band (see panel (a)), for which the direction of the po- 
larization vector is reversed due to its helical nature. 



Clear Dirac cones are present in the ARPES maps. 
However, they do not show a distinct Dirac point at 
T, as reported in our previous work [15] . Compared 
to cleaved single crystals [17] our cones are wider, with 
smaller Fermi velocity, similar to the states measured 
on air-exposed surfaces [18], which can be explained by 



cleaning-induced surface disorder and the intercalation 
of foreign atoms into the so-called van der Waals gap 
between the QLs [19 . The warped Fermi surface hexa- 
gram Dirac cone structure of Bi2Te3 [HJ|20], which ex- 
hibits a sizeable out- of -plane component, is a hallmark of 
this material. Moreover, an additional contribution from 
the bulk conduction band with a trigonal symmetry is 
present. Clear trigonal symmetry is also present in the 
map taken at Eb = 3 eV, indicating that the 60° rotated 
crystalline domains [21] are not present in our surface. 
Therefore, the out-of-plane spin polarization component 
of the warped Dirac cone [lOj [22] , which inverts its sign 
every 60°, could be observed in the spin-polarized pho- 
toemission measurement as will be shown next. 

Spin-polarized photoemission measurements per- 
formed at 200 K are presented in Figs. [2] (a) and 
(b), while Fig. [2] (c) illustrates the fe-space volume 
over which the spin-polarized spectra are integrated 
[TT] . The polarization P = A/S with the asymmetry 
A = (II — Ir)/(Il + Ir), in which II and Ir are the 
signals for the beams scattered from the W(001) crystal 
in opposite mirror directions, was computed using the 
Sherman function £ = 0.25 [I2j [13]. In analogy to the 
analysis shown in [8 , the unpolarized constant back- 
ground above Ep has been removed. The combination 
of our cleaning procedure and the choice of the photon 
energy minimized the spectral weight related to the 
conduction band states, allowing our spin-polarized 
spectra to be free from the un-polarized background in 
the Dirac cone region. 

For the in-plane spectra we have obtained up to 
P x ~ 45% in the Dirac cone and in the wider range up to 
~ 55% for the most pronounced 5 feature at Eb — 2.3 eV. 
The out-of-plane spin component is much smaller, and 
the confirmation is based on the standard deviation anal- 
ysis and the polarization reversal between points (A) and 
(B). Based on this we obtained P z ~ 15% polarization 
in the Dirac cone a state. There are also indications of 
sizeable out-of-plane polarization in other states, espe- 
cially for the 7-state which has the opposite polarity to 
the Dirac cone, however, in the current data this is close 
to the noise limit. 

The P value extracted from the experimental data can 
be affected by the instrumental asymmetry of the spin 
polarimeter. In typical spin-polarized photoemission ex- 
periments on ferromagnetic thin films this issue is ad- 
dressed by re-magnetizing the film in the opposite direc- 
tion to effectively cancel instrument related asymmetries. 
However, in a non- ferromagnetic material such as Bi2Te3 
magnetization is not possible, and one has to rely on the 
absolute calibration of the spin polarimeter. Instead, the 
spectra have been measured on the two precisely oppo- 
site sides of the warped Fermi surface Dirac cone rim, 
which shows the full reversal of spin polarization vector 
due to the helical nature of the Dirac cone. Our cali- 
bration is confirmed by comparing the spectra measured 
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FIG. 2: (Color online) Spin-polarized data taken (a) near the Fermi level and (b) at higher binding energies on selected fc-space 
locations along the YK direction on the 40 nm Bi2Te3 film. Here, blue and red solid lines show smoothed II and Ir intensities, 
respectively. States being described within the text are indicated by letters a to e. The top row indicates the in-plane spin- 
vector component intensities, whereas the out-of-plane intensities are plotted in the lower rows. The deduced spin-asymmetries 
P x and P z are plotted below the corresponding intensity plots with standard deviations given by vertical error bars, whereas the 
solid line represents smoothed data. Furthermore, panel (b) shows the He I data integrated over the SPLEED entrance (the 
black curve) and the theoretical prediction for the in-plane spin polarization in surface-related eigenvalues at = 0.18 A -1 
shifted by 0.45 eV to achieve the best match to the experiment (the bar graph), (c) Experimental three-dimensional illustration 
of the band structure of a Bi2Te3 thin film over the full valence band region, indicating the fc-space volumes A and B which 
are integrated in the spin-polarized experiment. 



in positions (A) and (B) as shown in Fig. |2j where clear 
reversal is observed in all cases, with virtually the same 
results on the two fc-space points. 

In order to perform a consistent analysis of the pho- 
toemission experiment and comparison to DFT calcula- 
tions, the electron scattering length has to be taken into 
account. In the kinetic energy range related to the VUV 
photon energy range, which was so far used in all the 
spin-polarized photoemission experiments on Bi2Te3 and 
similar materials, the mean free path of the electrons is 
in the order of 10 A (a single QL), or less. Nevertheless, 
the resulting measured polarization P is a function of the 
symmetry of the particular states, the light polarization, 
and the incidence angle of the beam [23]. We have per- 
formed a dedicated simulation of the electronic proper- 
ties of the Bi2Te3 thin film system using the full-potential 
linearized augmented plane wave (FLAPW) method im- 
plemented in the FLEUR code (for details see Ref. l24|) . 
Several distinct spin-polarized states, localized in the sur- 
face QL, are present within the valence band as shown in 
Fig. [3] (a). The calculated local depth-resolved spin con- 



tributions are given in Figs.g(b)-(g) for |fc||| =0.18 A- 1 
corresponding to the center position of the spin detector 
integration area as shown in Fig. [2] (c). In particular, 
we have calculated the spin density for the atom 77 as 
Pk = ( n rj ~ n rj) an d the corresponding initial spin polar- 
ization values including the photoelectron mean free path 

A m\ using P = ^ — — ?(. The direction and 

magnitude of the spin polarization vectors of the corre- 
sponding states depend on the distance from the surface, 
with clear spin reversal taking place within the 2 A sur- 
face region in case of the Dirac cone state a, as shown in 
Fig.[3](d), in agreement to a previous study [5]. The spin 
polarization integration over the surface QL is the highest 
for the surface state indicated by S in Fig. [3] (a). Its spin 
density with respect to the distance from the surface is 
plotted in Fig.[3](g). Unlike the Dirac cone, in this state 
only a tiny spin reversal takes place in the bottom layer of 
the surface QL, ~ 9 A below the surface. The difference 
between the Dirac cone state and the aforementioned 5 
state is further depicted in charge and spin densities plot- 
ted in Figs. [3] (b,c) and (e,f), where clear spin reversal at 
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FIG. 3: (Color online) (a) Simulated spin-polarized spectral weight of the 6 QL Bi 2 Te3 slab along the YK direction. The size 
of the circles gives the absolute spin polarization of the states for the in-plane P x and out-of-plane P z components. Herein, 
the photoelectron mean free path has been taken into account in reference to the experiment. Two states, namely a and S 
analyzed in the further drawings are indicated by arrows, (b) and (e) show charge, and (c) and (f) spin densities plotted in 
real space integrated over the (x, y) plane for the a and 5 state at = 0.18 A -1 , respectively, (d) and (g) show charge and 
spin densities for those states with respect to the distance from the surface. Arrows in (d,g) denote spin reversals taking place 
for each state. See the text for details. The Dirac-cone state has a smaller polarization, due to the polarization inversion above 
the topmost Te atom (local spin-reversal). The in-plane polarization value integrated taking into account the photoemission 
information depth is about 45%, in contrast to the surface state S that has ; 



the surface atom is observed for the Dirac cone state, 
while not observed for the 5 state. Furthermore, one can 
clearly observe the strong, surface Te atom-localized, p z 
character of this surface state, which has a Rashba-type 
spin polarization. In contrast, the Dirac cone state has 
a hybridized nature, with most charge related to the p z 
state of the second layer Bi atom, but with a significant 
contribution of the reversed spin from the surface layer 
Te atom. The helicity of the surface features in Bi2Te3 is 
not only a feature of the Dirac cone topological state, it is 
a general feature for all surface-related states, while an- 
other feature is the existence of a significant out-of-plane 
spin polarization vector component, predicted for some 
of these states. Our experimental in-plane results from 
Fig. [2] present a stunning agreement with the theoretical 
prediction from Figs, [I] (a) and [3] (a), with polarization 
direction of the bands following the predicted order, i.e. 
a, /3 and e are polarized opposite to 7 and S. The rel- 
ative magnitude of the polarization of these features is 
also in unison with the theory, as is the helical nature 
of all the polarized states, confirmed by the spin reversal 
measured at surface Brillouin zone locations (A) and (B) 
shown in Fig. |2j The predicted 88% polarization of the 
5 state cannot be directly observed in experiment since 
at higher Eb spectral features are broadened and even in 
the presence of local gaps, the spectral weight contains 
significant contributions from the bulk band structure re- 
ducing the experimentally observable polarization to ~ 
55%. 



In conclusion we have confirmed that the topolog- 
ical protection mechanism in Bi2Te3 thin film sam- 
ples prepared by an optimized in-situ procedure leads 
to helical single branched warped Dirac cone states. 
Our experiments show the strong Fermi surface warp- 
ing predicted by theory, with both in-plane and out-of- 
plane spin polarization components observed in the spin- 
polarized data, satisfying the antisymmetric spin prop- 
erty cr(k) = —a(—k). The Dirac cone state is delocal- 
ized over the surface QL, and its spin orientation changes 
within subsequent layers, including the in-plane spin re- 
versal over the first atomic layer. Despite the complica- 
tions that might arise in the interpretation of photoemis- 
sion spectra [23] we notice that the experimental P x value 
is in a good quantitative agreement with the theoretical 
prediction of 45%, when including the photoelectron in- 
formation depth. 

Applications in spintronics require high spin polariza- 
tion in the Dirac state and one of the possible ways to 
increase the overall spin polarization in the Bi2Te3 Dirac 
cone is to induce higher surface localization of the Dirac 
cone states, possibly ceasing any significant spin polariza- 
tion inversions. This can be achieved by the deposition 
of thin layers of selected elements, and it was recently 
shown that a Bi-bilayer introduces higher localization of 
the Dirac cone state [26 , which suggests that the spin 
polarization in such states might be increased. 
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